Infants vertically infected with human immunodeficiency virus type 1 (HIV-1) often manifest profoundly deficient growth with failure to thrive. The pathologic mechanisms that produce growth failure associated with pediatric HIV infection are not clear. Transgenic mice homozygous for a gag/pol deletion mutant of the infectious provirus pNL4-3 have been found to manifest a similar growth failure pattern. To explore the influence of HIV-1 on fetal growth and maternal-fetal interactions, we examined intrauterine growth of transgenic and nontransgenic mice and evaluated the consequence of embryo transfer into normal and heterozygous transgenic mothers. Mice homozygous for the HIV transgene had normal intrauterine and birth weights but uniformly displayed severe growth retardation postnatally. Transgene expression was prominent in transgenic fetuses and their placentas and in uteri of transgenic mothers, as determined by Northern analysis. Although embryo transfer did not affect intrauterine growth, the pregnancy rate in transgenic mothers was markedly lower than in nontransgenic controls. In both fetal and neonatal tissues, transgene expression was significantly greater in homozygous animals when compared with heterozygotes, but the difference was magnified postnatally. These results suggest that HIV gene expression affected both mother and neonate. In the mother, expression of the HIV-1 transgene reduced postfertilization pregnancy rate. Once the animal was pregnant, however, the effects of transgene expression on the homozygous fetus were overcome in utero, possibly by the contribution of maternal factors or by inhibition of HIV-1 gene expression by a fetal or maternal factor(s). In the neonate, HIV-1 transgene expression increased dramatically in homozygotes and was associated with profound growth failure. Thus, the expression of HIV-1 and its consequences are complex and dependent on important maternal- Mother to child transmission is an important mode of spread for HIV-1. From an infected mother, the virus may be transmitted to her child in utero across the placenta (1) (2) (3) (4) (5) , intrapartum during delivery (6) (7) (8) , or postpartum during breastfeeding (9) (10) (11) (12) . Studies have shown that 13 to 40% of infants born to mothers infected with HIV-1 develop clinical or serologic evidence of infection within the first few months or years of life (4, 7, (13) (14) (15) . Profound growth failure and FTT are prominent findings among vertically infected children (16) (17) (18) (19) (20) (21) . The cellular and molecular mechanisms responsible for growth failure, in particular the involvement of HIV-1 gene products in the development of this disease, are not clear.
Several clinical studies have explored potential effects of maternal and congenital HIV infection on prenatal growth. Comparisons of mean birth weight between infants born to HIV-positive mothers and those born to uninfected mothers have not, however, yielded consistent results (22) (23) (24) (25) . Conflicting data also have emerged from studies that evaluated mean birth weight in infected and uninfected infants born to seropositive mothers (14, 24, (26) (27) (28) . In these studies, however, the infection status at birth of infants subsequently shown to be infected was not known. Even in the case of congenital transmission, the actual timing of infection in relation to fetal development may lead to various patterns of viral expression before birth that could determine clinical outcome (13, 29, 30) .
In addition, children vertically infected with HIV frequently come from deprived social environments. These environments are associated with a high rate of maternal substance abuse, inadequate prenatal care, preterm delivery, and poor nutritional status, all of which are correlated with growth delay in utero and make it difficult to ascertain the precise etiology of observed growth deficiencies.
To address the issues of fetal and neonatal growth independent of psychosocial and cofactor influence, we have used a transgenic mouse model. The line Tg26 was previously generated (31) by introducing as a transgene into mice a deletion mutant of the infectious HIV-1 provirus pNU-3. This 7.4-kb construct lacks 3 kb of sequence overlapping the gag and pol genes but encodes the env (evelope) gene and the accessory genes tat, rev, nef, vif, vpr, and vpu under the control of the HIV-1 LTR. Recently, we described a syndrome of growth failure, cachexia, and high mortality in mice homozygous for the defective proviral genome (32) . The objectives of our studies were to determine the time of onset of growth failure in HIV transgenic mice and to examine the influence of the transgenic mother on the growth of both fetus and neonate. Fetal growth was determined in transgenic and nontransgenic mothers and neonatal growth was assessed with both natural and foster mothers. We also examined viral gene expression during pregnancy and in newborn transgenic mice and determined the earliest onset of growth failure in homozygous HIV-transgenic mice.
METHODS

Transgenic mice.
The generation of the transgenic mouse line Tg26 has been described previously (31) . The transgene, derived from the molecular clone pNU-3, contained 7.4 kb of the HIV-1 proviral genome deleted in the gag and pol genes under the control of the viral LTR. Descriptions of the nephropathy that develops in heterozygous transgenics have been published previously (31, 33) . Transgenic mice also develop hyperproliferative skin disorders manifested as benign papillomas in heterozygous mice and diffuse epidermal hyperplasia in homozygotes (34) . In addition to the skin lesions, homozygous mice develop a syndrome of growth failure and cachexia with lymphoproliferation, preservation of CD4+ and CD8+ T-lymphocyte number, thymic atrophy, and early death (32) . In our study, heterozygous transgenic mice were cross-bred to produce litters with homozygous transgenic, heterozygous transgenic, and nontransgenic mice. Genotypes were determined by Southern blot analysis (below). Care of mice was in accordance with National Institutes of Health guidelines.
Southern blot analysis. Ten pg of tail DNA were digested with EcoRI, electrophoresed through 0.8% agarose gels, transferred to nylon membranes, and fixed by UV cross-linking (Stratagene, La Jolla, CA). DNA was hybridized with a cDNA encoding the HIV-1 nef gene (35) radioactively labeled using [ 3 2~ ] d~~~ (New England NuclearPu Pont, Boston, MA) by the random primer method (Boehringer-Mannheim, Indianapolis, IN). Hybridization was performed at 65°C in 5X SCC ( l x SSC is 0.15 M NaC1, 0.15 M sodium citrate), 0.5% SDS, 5 X Denhardt's solution (1 X Denhardt's is 0.2% Ficoll, 0.2% polyvinylpyrrolidone, 0.2% BSA-Pentax V), with 100 mg/mL denatured sheared calf thymus DNA. The filters were washed twice at room temperature (30 min each) and two times (30 min each) at 65OC in 2X SSC, 0.2% SDS. Autoradiograph exposures were made at -70°C. Blots were scanned on a Phosphorimager (Molecular Dynamics, Sunnyvale, CA) to quantitate hybridization directly. Genotypes were identified by a 2-fold increase in the Southern hybridization signal measured for homozygous transgenics, compared with heterozygous transgenics.
Northern blot analysis. Mouse tissues were snap frozen in liquid nitrogen and total RNA was isolated by the acidguanidinium method (36) . Twenty pg of RNA were electrophoresed through 1% agarose gels containing 2% formaldehyde, transferred to nylon filters and fixed by UV cross-linking (Stratagene). Filters were incubated with a [ 3 2~] d~~~ labeled nef cDNA (35) or human S14 ribosomal protein (59246; American Type Culture Collection, Rockville, MD). Labeling was accomplished by random primer method (BoehringerMannheim). Hybridizations were carried out at 43OC in Hybrisol (Oncor, Gaithersburg, MD) containing 50% formamide, and the filters were washed twice at room temperature and twice at 53OC in 2X SSC, 0.2% SDS. Autoradiograph exposures were made at -70°C. Blots were scanned on a Phosphorimager (Molecular Dynamics) to directly quantitate the relative hybridization signals in individual bands. Results were expressed as the ratio of HIV-1 to S-14 to control for differences in gel-loading and transfer efficiency.
Embryo transfer. Embryos generated in heterozygous transgenic matings were transferred into the reproductive tract of transgenic and nontransgenic foster mothers by the method of Hogan et al. (37) . Briefly, heterozygous transgenic females were superovulated by the administration of pregnant mare's serum (Sigma Chemical Co., St. Louis, MO) followed by human chorionic gonadotropin (Sigma) 48 h later and then mated with heterozygous transgenic males. Zygotes were obtained on the morning of the cervical copulation plug. Thirteen to 15 zygotes were surgically implanted into the oviducts of pseudopregnant transgenic and nontransgenic recipients.
Statistical analysis.
Results are expressed as mean + SD.
Data were analyzed by one-way analysis of variance, followed by post hoe analysis using the Newman-Keuls test. p < 0.05 was considered significant. The nonparametric Kruskal-Wallis test was used when differences in SD values between groups was significant. genic fetal pups are compared in Figure 2A . No difference in mean weight was observed between fetal mice bearing the HIV-1 transgene and their nontransgenic littermates. During the analysis of growth in fetal mice, we also determined the weights of the placentas. As shown in Figure 2B , no statistical difference in weight was detected between placentas collected from transgenic and nontransgenic fetuses. During the first week of postnatal development, mice homozygous for the HIV-1 transgene manifested a sharply reduced growth rate that began on the first day of life (Fig. 3) . Thus, within 24 h of birth, homozygotes were 90% of the weight of nontransgenic littermates (Fig. 3A) , suggesting fluid volume loss. By 3 d of age, the mean weight of homozygotes had dropped to 85% of control weight (Fig. 3B) , and by 6 d after birth, homozygotes were 73% of the weight of nontransgenic siblings (Fig. 3C) . Of 14 homozygous mice followed in this study, three homozygotes became clinically cachectic and died on d 5, 6, and 7 after birth. These animals were omitted from the weight measurements made on d 3 and 6. Three additional homozygous transgenics died at the end of their second week of life. Homozygotes surviving past 2 wk became cachectic and died or were killed by 1 to 2 mo of age. Only shortly before death did affected animals become sluggish and reduce their food intake. We killed several growth-retarded homozygous neonates during their first week of life, and at autopsy all stomach specimens were found to contain milk (not shown).
RESULTS
Growth
To exclude the possibilities that altered nursing behavior due to sibling competition or that deleterious effects associated with transgenic mothers contributed to growth failure, four homozygous newborns were given to nontransgenic foster mothers. No improvement in growth rate was observed among fostered neonatal mice (not shown). Finally, to determine whether nursing behavior was comparable in all mice, 2-or 4-d-old homozygous, heterozygous, and nontransgenic littermates were separated from mothers and then allowed to nurse. As shown in Figure 4 , no significant difference in body weight gain after nursing was detected between fasted transgenic and nontransgenic siblings. These results indicate that growth impairment in homozygous HIV-transgenic neonates is not due to altered suckling behavior or decreased milk intake.
As shown in Figure 3A -C, mice heterozygous for the HIV-1 transgene tended to gain weight more slowly than their nontransgenic littermates during their first week of life. In contrast to what we observed among homozygous transgenics, the difference in mean body weight between heterozygotes and nontransgenics became statistically significant only by 6 d of age, at which time the weight of heterozygous pups plateaued (not shown) at about 10% below normal. All heterozygous mice thrived during the neonatal period and lived into adulthood.
Rate of pregnancy is reduced in mice transgenic for HIV-1 transgene. The previous results indicate that intrauterine growth of homozygous fetuses in transgenic mothers is equal to that of heterozygous transgenic and nontransgenic littermates. To explore the potential contribution of HIV-1 on the maternal influence of prenatal growth, 1-d-old embryos generated in heterozygous transgenic matings were transferred into normal foster mothers. Again, no significant difference in average fetal weight (1. of fetuses left to develop in their own transgenic mothers (results not shown). These data suggest that fetal growth is normal in mothers carrying the HIV-1 transgene. During the course of this study, however, the pregnancy rate among HIV-transgenics was found to be remarkably low (Fig.  5 ). For example, in crosses with heterozygous transgenic males, only 29% of mice in a cohort of 14 heterozygous transgenic females became pregnant after successful copulation, compared with 100% among 11 age-matched nontransgenic females (Fig. 5A) . A similar result was observed when embryos generated in heterozygous matings and harvested on d 1 of gestation were transferred into foster mice. Thus, in only 20% of five recipient transgenic females was pregnancy established, compared with 83% of six recipients in the nontransgenic group (Fig. 5B) . This suggests that the low pregnancy rate among HIV-1 transgenic mice is due to a postfertilization defect(s) rather than a decrease in fertilization efficiency.
HZV-1 genes are expressed in utero and in neonatal transgenic mice. We investigated HIV-1 gene expression in transgenic mice by Northern hybridization analysis of total RNA extracted from tissue samples (Figs. 6-8 ). Hybridizations were performed using a nef cDNA probe that overlaps the 3' LTR and therefore detects all HIV mRNA species. In 10-d-old homozygous neonates, viral RNA species of approximately 7, 4, and 2 kb (unspliced, singly spliced, and multiply spliced transcripts, respectively) were abundantly expressed in skin, skeletal muscle, and eye (Fig. 6A) . Lower amounts of viral transcripts were variably expressed in other tissues: colon, small intestine, stomach, liver, kidney, lung, brain, spinal cord, spleen, thymus, and lymph node. Not shown here, HIV mRNA was also detected in tongue in amounts that approximated those of skin and eye.
The tissue distribution of HIV-1 transcripts in homozygous and heterozygous transgenic mice was comparable (not shown). Figure 6B To determine whether the HIV-1 transgene was also expressed in utero, RNA extracted from fetal skin samples and placentas harvested at 18 d of gestation was examined (Fig. 7) . As shown in Figure 7A , viral mRNA was abundantly expressed prenatally, with 4-to 6-fold greater expression observed in homozygous (lane 1) fetal skin compared with skin obtained from heterozygous (lane 2) siblings; control RNA extracted from nontransgenic littermates (lane 3) was negative. Low levels of expression were demonstrated in placentas (Fig. 7B) 
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transgenic female mice and nontransgenic age-matched controls were mated with heterozygous males. Successful copulation was verified by the presence of cervical copulation plugs the next morning. Of 14 heterozygous females, only four (29%) were found subsequently to be pregnant, compared with 11 of 11 (100%) nontransgenic females. B, One-cell embryos generated in crosses between superovulated heterozygous females and heterozygous males were harvested and transferred into the oviducts of pseudopregnant transgenic and nontransgenic foster mothers. Of five recipient heterozygous transgenic mice, one (20%) became pregnant as a result of the embryo transfer, whereas five of six (83%) recipient nontransgenic controls became pregnant. 5) . Although the major portion of the neonatal mice (lane I) compared with skin from heterozygous littermates (lane placenta originates from the conceptus, it does include a ma-2). The hybridized blot in A was analyzed using a Phosphorimager; the ternal component (decidua basalis). Inasmuch as the mothers in hybridized blot in B was analyzed by auto radiograph^. these experiments were heterozygous transgenics (see Methods), the expression that we observed in placental tissue could have been of fetal or maternal origin. HIV transcripts were not, however, detected in placentas derived from the nontransgenic littermates of heterozygous mothers (Fig. 7B, lane 6) , indicating little, if any, maternal-cell contribution to transgene activity in placenta.
Transgene activity was also examined in uterine tissue. HIV mRNA was not detected in uterine tissue samples harvested from nonpregnant heterozygous transgenics (Fig. 8, lane I ) . Interestingly, viral transcripts were easily detected in uterine tissue samples obtained from pregnant heterozygous mothers (Fig. 8, lane 2) . These results suggest that HIV gene expression is induced by pregnancy in uterine tissue in Tg26 mice. When the level of expression in skin was compared between nonpregnant and pregnant mice, no significant difference was detected (Fig. 8, lanes 3 and 4) , implying that the viral mRNA is not globally up-regulated by pregnancy in HIV transgenics.
DISCUSSION
Growth retardation, FTT, and cachexia are common features of vertically transmitted HIV-1 infection, although the pathophysiology is not understood. FTT may be the presenting symptom of HIV infection in young children, suggesting that growth effects are not necessarily secondary to the child's overall medical condition (16, 17) . As the clinical and immunologic manifestations of infection progress, however, children experience increasingly profound growth retardation. Several factors implicated in the pathogenesis of poor growth or cachexia associated with HIV infection in both children and adults include endocrine dysfunction (38) (39) (40) , impaired gastrointestinal function (41) (42) (43) , altered cytokine production (20, 44, 45) , and excessive energy expenditure (46) , as well as poor oral intake. A consistent cause of growth failure has not emerged, and a multifactorial etiology seems likely. Conclusive evidence regarding congenital HIV infection and intrauterine growth is also lacking, due in part to difficulties in determining the actual timing of vertical transmission (47) , to potential negative effects of maternal HIV infection on birth weight (14, 24) , and to socially related maternal risk factors that, themselves, are correlated with low gestational weight (48) .
In this report, we describe the use of a transgenic mouse model to identify potential effects of maternal, fetal, and neonatal HIV-1 gene expression on growth. Our results demonstrate that growth failure is manifested postnatally in mice expressing a nonreplicating HIV-1 genome encoding envelope and accessory gene products, with a profound reduction in growth rate observed in mice homozygous for the HIV transgene compared with heterozygous and nontransgenic pups. FTT and cachexia were manifested in homozygous transgenics, and all homozygotes died at a young age. The difference in phenotype between homozygous and heterozygous neonates is correlated with a difference in the level of expression of HIV-1 mRNA, which was shown to be higher in homozygous animals. These findings suggest that HIV-1 gene expression, independent of viral replication, is sufficient to induce neonatal growth deficits and implicate virally encoded products in the pathogenesis of growth retardation. The alternative explanation, that the disease phenotype in homozygous transgenics is due to the disruption of an essential gene as a result of transgene integration, is unlikely because an identical syndrome of growth failure, cachexia, and early death was manifested in heterozygous transgenic mice carrying copies of the infectious pNU-3 provirus (49). In this study, the onset of growth delay in HIV transgenic mice has been found to occur during postnatal development, despite prominent viral gene expression in maternal, fetal, and placental tissues during pregnancy. Growth of the developing fetus results from a complex interplay of placental, maternal, and fetal factors, which include provision of an adequate supply of nutrients from the mother, the ability of the placenta to affect transfer of the required nutrients to the fetus, and the endocrine control of growth within the fetus. Our results suggest that these factors are unaffected, and that the intimate association between mother and fetus may protect against potentially adverse effects of viral gene expression. Alternatively, the level of HIV-transgene activity in the developing fetus may be too low to influence growth. In this regard, viral gene expression in homozygous transgenics is dramatically increased postnatally compared with the level of expression observed in homozygous fetal pups (compare Figs. 6B and 7B ). Whether this is due to suppression in utero of viral gene expression by a maternal or fetal factor(s) or to transactivation of the HIV-1 transgene postnatally is not known.
At birth, fetal dependence on mother and placenta is abruptly halted and the achievement of further growth requires activation and functional interaction between the different organ systems, as well as a continuing supply of exogenous nutrients. The growth retardation in neonatal transgenics may be due to several factors acting alone or in combination. For example, homozygous transgenic mice display abundant viral I and 2) . In contrast, there is no significant difference in the level of expression in transgenic skin between the nonpregnant and pregnant mice (compare lanes 3 and 4). Embryos and placentas were expelled from the pregnant uterus before RNA extraction. Autoradiographic exposure times were 60 h (uterus) and 30 h (skin).
gene expression in tongue and gastrointestinal tract, which raises the possibility of altered taste or suckling reflex, resulting in reduced food intake, or impaired food absorption. It is unlikely, however, that at least the onset of growth delay is an effect of reduced oral intake, because normal nursing was observed during the first several days of life and no significant difference in milk intake was measured when homozygotes, heterozygotes, and nontransgenic littermates were compared. Although we saw no evidence of fat malabsorptive diarrhea among homozygous mice, we cannot exclude the possibility that gastrointestinal malabsorption of protein or carbohydrate may be responsible for impaired growth. Nor can we exclude differences in renal metabolism of salt and water, particularly in view of the 10% reduction in weight in the first 24 h. Another possibility is that growth failure in mice homozygous for the transgene relates to abundant expression of viral gene products in skin. In this regard, homozygous neonatal mice uniformly develop a progressive, and potentially debilitating, skin disease characterized clinically by dry, thickened, scaling lesions and histologically by epidermal hyperproliferation and hyperkeratosis (34) . Growth-retarded mice transgenic for the infectious HIV-1 provirus were also reported to manifest this phenotype (49) . Interestingly, a similar syndrome was described in transgenic mice overexpressing transforming growth factor-a in epidermis (50) , which suggests the possibility that increased production of this or other cytokines in HIVtransgenic mouse skin may negatively influence growth. Skin may also represent a significant site of free water loss. Alter-62 FRANK natively, expression of even relatively small amounts of HIV proteins in any of the number of tissues that activate the viral transgene may dysregulate the production or secretion of cellular factors, e.g. cytokines and growth factors, or the ability of target tissues to respond to such factors, that are required for continued growth outside the uterine environment.
Our observations related to HIV-1 transgene activity during pregnancy raise several interesting issues. First, viral gene expression was found to be induced by pregnancy in uterine tissue in Tg26 mice. This observation is consistent with the result of Furth et al. (Sl) , who demonstrated increased HIV LTR-directed reporter gene activity in uterine tissue during pregnancy in another transgenic line and suggested that this up-regulation may be due to a stimulatory effect of steroid hormones on the LTR (viral promoter). Steroids are known to increase transcription of several retroviruses via interaction of their respective receptors with specific sequences termed glucocorticoid response elements (52-54). Several potential glucocorticoid response elements have been identified throughout the HIV-1 genome (55-58), and recent reports suggest that at least two of these sequences can respond directly to glucocorticoid induction in vitro (55, 58). Although none of these observations constitute direct evidence for steroid stimulation of the HIV-1 genome in vivo, our finding that the viral genome is induced by pregnancy is consistent with a role for steroids in modulating HIV transcription.
Second, in this study, HIV-1 gene expression in transgenic animals was associated with a remarkably low pregnancy rate. Our embryo transfer experiments imply that this reduction is due to a postfertilization defect. These observations raise the possibility that HIV-derived or HIV-induced factors could interfere with blastocyst implantation or decidua formation. Whether this effect is related to the viral gene expression that we observed in uterine tissue of transgenic mothers, to potential systemic effects of maternal HIV gene expression, or to viral gene activity in the developing embryo is not known. It has recently been reported that HIV infection of human placental explants in vitro decreases progesterone and human chorionic gonadotropin production (59). From our data, it is tempting to speculate that viral gene activity in HIV-transgenic mice may negatively influence the normal production of such hormones, which are required to support the developing conceptus and maintain the pregnancy. In humans, however, the overall pregnancy rate in HIV-infected women does not appear to be reduced (23) .
In summary, expression of an HIV-1 proviral construct encoding envelope and regulatory genes in transgenic mice was associated with postnatal growth failure and cachexia. No effect of maternal and fetal transgene expression on prenatal growth was observed, suggesting that the mother may confer protection from growth effects and that postnatal events are responsible for the observed impairment in growth. Our data suggest that HIV-transgenic mice provide an important in vivo model for investigating the viral gene products involved and the pathogenic mechanisms leading to growth inhibition in HIV-infected children. The application of these findings to humans remains to be determined.
